1. Trabeculae from the right ventricles of rat hearts were 'skinned' by immersion for 30 min in a solution containing the non-ionic detergent Brij-58 at a concentration of 1 %.
INTRODUCTION
Isometric force production in isolated preparations of mammalian ventricular muscle increases steeply when the muscle is stretched over the range of sarcomere lengths observed in intact hearts. This region of the length-force relation (the ' ascending limb') provides a useful model of the increase in myocardial performance that occurs as a result of increased diastolic filling of the intact heart (the Frank-Starling relation).
The results ofexperiments on mammalian ventricular muscle in various laboratories since 1974 (reviewed by Jewell, 1977) indicate that the steep variation of tension production with sarcomere length over the range 16--23 ,um is due at least in part to variation in the degree of activation of the contractile system with muscle length. The two main possibilities are (i) that there is a smaller increase in sarcoplasmic [Ca2+] (Ca2+ concentration) when the muscle fibres are excited at short lengths, and (ii) that the contractile system is less sensitive to Ca2+ at short lengths.
It is now possible to follow changes in sarcoplasmic [Ca2+] by using the photoprotein aequorin as an intracellular Ca2+ indicator, but the results obtained from experiments on frog atrial trabeculae (Allen & Blinks, 1978) , rat ventricular trabeculae (Allen & Kurihara, 1979) and cat papillary muscle (Allen & Kurihara, 1980a) have shown that the immediate decrease in force production that follows a decrease in muscle length is not accompanied by any reduction in the aequorin signal. However, the subsequent slow decrease in force production when mammalian ventricular muscle is held at a short length (Parmley & Chuck, 1973; Lakatta & Jewell, 1977 ) is accompanied by a decrease in the aequorin signal (Allen & Kurihara, 1980a) . The evidence available therefore provides only partial support for the first of the possible explanations of length-dependence of activation in cardiac muscle.
The second hypothesis to be considered is that the sensitivity of the contractile system to Ca2+ is length-dependent. Some evidence in favour of this hypothesis has come from studies of the relationship between the steady force produced in tonic contractions of muscle fibres from which the sarcolemma has been removed ('skinned' fibres) and [Ca2+] in the bathing solutions. These studies have shown that there is an increase in the sensitivity of the contractile system to Ca2+ in preparations of skeletal muscle (Endo, 1973; Moisescu & Thieleczek, 1979) and frog ventricular muscle (Fabiato & Fabiato, 1978) when these are stretched over the descending limb of the length-force relation (i.e. to sarcomere lengths greater than 2-3 Fsm). The purpose of the present paper is to report the results of similar studies of the Ca2+ sensitivity of skinned preparations of rat ventricular trabeculae over the ascending limb of the length-force relation. A preliminary communication of these results was presented by .
METHODS

Preparation of skinned fibre8
Hearts were removed from rats (Sprague-Dawley and Wistar; 8-10 weeks old; mean weight 0-2 kg), which were anaesthetized with chloroform. , Mg, K, 160; Na, 10; Cl,  propionate, 130; imidazole, 10 and0-5-1-0% Brij-58 (w/v), at pH 7-0 and room temperature. Preliminary studies demonstrated that 10-25min immersion was sufficient to complete its effect.
The solution was agitated and exchanged several times during this period.
The efficacy of the chemical treatment was assessed several ways. Complete skinning was characterized by the development of force in the presence of micromolar Ca2+ concentrations, and of the rigor state in the absence of MgATP. The level of activation could be controlled reversibly by changing the composition of the solution around the preparation. Histochemical studies of succinate dehydrogenase activity showed a marked reduction in activity and loss of the normal mitochondrial localization of this enzyme, and transmission electron microscopy demonstrated that the sarcolemma was destroyed or severely disrupted throughout the preparation. The mitochondria and sarcoplasmic reticulum were also destroyed but the myofilaments and lattice organization appeared normal. These studies have been described in detail by Hibberd (1979) .
Light micrographs of Brij-58-treated muscle showed good alignment of sarcomeres and clear striations (P1. 1 A), and clear laser diffraction patterns could be obtained from these preparations (P1. 1 B). In contrast, laser diffraction patterns from preparations treated with EGTA/ATP or glycerol-containing solutions in the absence of Brij-58 were indistinct or absent, probably because of disorganization of the sarcomeres as a result of the long duration of these skinning procedures (approx. 24 h). does not interfere with the contractile process either during activation by Ca2+ (Fabiato & Fabiato, 1975a) or in the absence of Ca2+ at low concentrations of MgATP (Orentlicher, Reuben, Grundfest & Brandt, 1974) .
Experimental apparatus
Skinned preparations were washed several times in Brij-free relaxing solution (composition given later) and aluminium foil clips (Ford, Huxley & Simmons, 1977) were crimped on to their ends. The preparation was then transferred to the experimental apparatus described by GoodshipPatience, , where it was held between a servomotor at one end and a force transducer at the other. Stainless steel hooks projecting into the muscle bath from the motor and the force transducer passed through holes in the aluminium clips and this provided a rigid means of coupling the preparation to the equipment with a good axial alignment.
There were ten muscle baths (capacity 860 jel) in a temperature-controlled block which was kept at 20+0-1 TC by circulating water through it. The preparation was exposed to different bathing solutions by lowering the block, sliding it sideways and raising it so that the muscle was immersed in a new solution. Solutions were stirred vigorously with a stainless-steel paddle. A change of solution took 1-2 s. The apparatus was a modified version of one designed by Drs R. M. Simmons, Y. E. Goldman & M. A. Ferenczi; further details are given by Ferenezi (1978) and Hibberd (1979) .
The force transducer and servomotor were described by Goodship-Patience et al. (1979) . The specifications of relevance in the present study were as follows: force transducer, sensitivity 0-4 mV mN-1, linear to at least 2 mN, resolution better than 10 iaN, compliance 0 5 um mN-1, natural frequency 5 kHz; servomotor, over-all stiffness with feed-back 14-7 sZm mN-1. The maximum contractile force in the present experiments was about 300 ,#N, so the contractions were essentially isometric (maximum shortening of the preparation < 05%).
Recording and analysis of data
The amplified output of the force transducer was simultaneously displayed on a Devices pen recorder and a Tektronix oscilloscope. Steady-state forces were normally measured from the pen record which provided a continuous display of force throughout each experiment. The skinned fibre responses to activation of Ca2+ were characterized by a gradual decline in the maximum force and rate of force production. To correct for this every fourth or fifth response was a control contraction involving maximal activation. For plotting graphs of the kind shown in Figs. 4 and 5, forces produced in submaximal responses were expressed as a fraction of the force that would have been expected in a maximal (control) response at that time; this was estimated from the closest preceding and succeeding control responses by linear interpolation. The error inherent in this procedure was small (-1-20%).
Sarcomere length measurement A 5 mW Helium-Neon laser (A = 632-8 nm) was directed on to the preparation from below through a 0-5 mm circular aperture. A glass cover slide was placed over the top of a chamber to flatten the air-solution interface. The laser beam encompassed a group of50-100 cells in a cylindrical preparation 100 ,sm diameter. The spacing between the centres of the resulting first order diffraction bands (P1. 1 B) was marked on thin white cards, 60-120 mm above the preparation. The angle O°b etween the zero and first order bands was determined and sarcomere length (s) was estimated using the (approximate) formula: Concentration in working hearts is believed to be within this range (Allen & Blinks, 1978; Allen & Kurihara, 1980b ). 0-3 mmol/l
This was believed to be between 0-1 and 1 mmol/l (Polimeni & Page, 1973) at the time the present studies were conducted .
A recent preliminary report suggests that the true value is about 3 mmol/l (Hess & Weingart, 1981) . 3 mmol/l 3-5 mmol/l in rat heart (Furchgott & Lee, 1961) . Most intracellular Mg is complexed with ATP (Polimeni & Page, 1973) . 10 mmol/l Isometric force and shortening velocity in skinned cardiac muscle are influenced below 0-7 mg/ml 10 mmol/l CP and 0-5 mg/ml CPK (Maughan, Low & Alpert, 1978) . This ATP-regeneration system is present in ventricular muscle with at least 10 mmol/l CP (Dobson, Schwab, Ross & Mayer, 1974 (Thames, Teichholz & Podolsky, 1974 ). 7100
Between 6-9 and 7-15 in intact heart muscle, according to working conditions (Lavalee, 1964; Ellis & Thomas, 1976) . 20 0C
Kept below normal body temperature to reduce the rate of deterioration of the skinned muscle preparations.
Calibrated diffraction gratings were mounted in the bath at the level of the muscle, to check the accuracy of the measurement. The width of the first order bands at sarcomere lengths 2-2 1um spanned a wide range equivalent to + 0-02-0-03,m when the muscle was relaxed. Below these lengths the bands became broader and less intense. Usually 8 could be estimated to + 0-02 sm of the mode.
Regulation of contraction Solution. The solutions used to regulate contraction were carefully selected to mimic the intracellular environment of living cardiac muscle. Table 1 lists the main features of the solutions and indicates briefly the reasons for choosing particular values or ranges of values. The buffers selected to create these conditions are all small enough to enter the myofilament lattice by diffusion, have apparent binding constants close to the desired final concentration of free ions, and do not interfere with the contractile process. The three main classes of solutions used were similar to those described by Moisescu (1976 the real values from which these were derived are given by Hibberd (1979) . The Fortran program used to perform the calculations employed an algorithm similar to that described by Brandt, Reuben & Grundfest (1972) . Contraction-relaxation cycles were produced by equilibrating muscles sequentially with LR, A and HR solutions (Fig. 1) as described by Moisescu (1976) . This procedure allows 'rapid' activation across the entire cross-section of the muscle and establishes a new free Ca2+ concentration within the centre of the preparation, in less than one second (cf. Moisescu, 1976 Preparation, 100 jsm in diameter; sarcomere length, 2-3 jam; temperature, 20 'C.
preserve the sarcomere structures through many contraction-relaxation cycles. The high buffering capacity and the ATP regeneration systems prevent the ionic equilibria within the muscle from being disturbed by the muscle's ATPase activity during contraction. Often more than twenty contractions could be achieved before force declined below 70-80 % of the original level. First order diffraction patterns could still be observed in relaxed muscles at the end of the experiments.
RESULTS
Resting muscle
When the muscle was immersed in HR or LR, sarcomere length could be varied between 1-95 and 2-35 ,sm. In exceptional preparations the range was 1-85-2-55 ,sm.
The lower values correspond to slack lengths (i.e. no detectable resting force in HR or LR solutions). Below slack length the muscle buckled iffurther attempts were made to shorten it. The mean slack length was 1-97 + 0-015 ,um (mean + S.E. of mean, n = 8),
in agreement with other authors (see Jewell, 1977) .
The resting force rose gradually for the first 10-15 % extension beyond slack length and progressively more steeply for greater stretches. Fig. 2 shows that sarcomere length and extension were almost linearly related for extensions up to about 20 %. The muscles used in the present study were never extended beyond this point.
Calcium-activated muscle
The first order diffraction patterns used to calculate sarcomere length became broader and less intense during contraction. The problem was greatest when the Two experimental approaches were adopted to determine the Ca2+-sensitivity at different muscle lengths. First, the variation of active force with sarcomere length was explored in solutions containing different free [Ca2+] . An increase in the Ca2+ concentration enhanced maximum force and shifted the force-length relation to the left as illustrated in Fig. 3A [Ca2+] for the data at longer and shorter lengths. All results have been expressed as a fraction of the maximum obtained at the longer length (marked by the arrow). The mean peak force per cross-sectional area at long lengths was 48-8 + 5.0 mN mm-2 (mean + s.E. of mean, n = 7), of which 74-3 ±4X2 % was obtained at the shorter lengths. Both sets of data display the typical S-shaped form characteristic of other skinned fibre preparations, but the curve at short lengths was shifted to the right. This is equivalent to a decrease in Ca2+-sensitivity at short lengths.
The change in Ca2+-sensitivity can be more easily visualized if the results obtained at short lengths are scaled up so that maximum force produced at these lengths is made equivalent to that achieved at longer lengths. Fig. 4B shows the same data as Fig. 4A , but with each set of results expressed as a fraction of the maximum force obtained at that sarcomere length. This normalization procedure should give superimposable curves if the Ca2+-sensitivity of the muscles is unaffected by muscle length. Half-maximal activation at long lengths occurred at [Ca2+] 3-02 +0-21 ,umol/l (mean ±s.E. of mean, n = 7), but at short lengths the equivalent point was at [Ca2+] 4*90 + 0-56 ,umol/l: in other words, the muscles appeared about 1-6 times less sensitive to Ca2+ at the short lengths. The differences between the data in the two groups at any [Ca2+] between 1-0 and 15 ,smol/l were statistically significant (P < 0 01).
The effect of the change in Ca2-sensitivity on force generation at any [Ca2+] can sarcomere lengths. Each point shows pooled data from seven preparations in which the force production at a given [Ca2+] was measured at sarcomere lengths of 23-2-5 #sm and 1-9-2-04 #sm. The bars on the points show ± 1 8.E. of the mean where this exceeds the diameter of the plotted point. In panel A all forces are expressed as a fraction of the maximum force produced at the longer sarcomere length (the slight fall in force production at [Cal+] 100 jumol/l cf. 25 #smol/l was not statistically significant). Panel B shows the data from panel A after normalization so that the forces produced at each sarcomere length are expressed as a fraction of the maximum force at that sarcomere length.
be assessed by moving vertically between the two curves. The effect is non-linear and is proportionately larger at [Ca2+] closer to the threshold for mechanical activation. The least squares method was used to fit the data shown in Fig. 4B by a linearized version ofthe Hill equation and the following values were obtained for the co-efficients n and K: long lengths: n = 2-70, K = -5-48; short lengths: n = 2-37, K = -5-26. It has been pointed out by Brandt, Cox & Kawai (1980) that this procedure, which uses arithmetically averaged data, leads to lower values of n than an alternative procedure, which is to fit data for individual muscles with the Hill equation and then pool the values obtained for n and K. The latter procedure when applied to our data gave the following results: long lengths: n = 2-94, K =-548; short lengths: n = 2-48, K =-5-27.
A paired t-test showed no significant difference in the values of n at long and short lengths.
DISCUSSION pCa-force relation
The [Ca2+]-force curves obtained from Brij-treated preparations of rat ventricular muscle in the present study (Fig. 4) are very similar to those obtained from mechanically skinned single cells at the same sarcomere length by Fabiato & Fabiato (1975a) . The difference in the locations of the curves on the [Ca2+] axis can be largely accounted for by differences in the two studies in (i) the apparent binding constant for Ca2+ assumed for EGTA, and (ii) the [K+] in the bathing solution.
Curve fitting of [Ca'+]-force data from the present experiments with the Hill equation yields values of n between 2-5 and 3-0, but this need not necessarily be regarded as providing support for the view that two or three Ca2+ ions must bind to each molecule of cardiac troponin C (C-TnC) in order to produce activation. Although isolated C-TnC binds three moles of Ca2+ per mole (Holroyde, Robertson, Johnson, Solaro & Potter, 1980) , it has been suggested that full activation of the contractile system requires Ca2+ binding to the Ca2+-specific site alone (Johnson, Charlton & Potter, 1979) . Explanations for the apparent discrepancy between this and the observed n value of 2-5-3-0 include the possibility (i) that there is co-operative binding of calcium to sites on C-TnC (Holroyde et al. 1980) ; (ii) that the formation of crossbridges causes an additional Ca2+ binding site to appear or enhances the binding of Ca2+ to existing sites (Bremel & Weber, 1972; Fuchs, 1977a, b; Allen & Kurihara, 1982) ; and (iii) that the formation of crossbridges enhances the formation of more crossbridges directly (Bremel & Weber, 1972) . These possbilities can be distinguished in principle by simultaneous force measurements and calcium bi-iding studies in skinned fibres.
Length-force relation
The steepness of the length-force relation in Brij-treated muscle depends on the degree of activation (Fig. 3) as it does in intact, electrically stimulated cat papillary muscle (Allen, Jewell & Murray, 1974; Lakatta & Jewell, 1 977; Huntsman & Stewart, 1977) and rat ventricular trabeculae (ter Keurs, Rijnsburger, van Heuningen & Nagelsmit, 1980; Gordon & Pollack, 1980) . The length-force curve obtained under conditions of maximal activation (top line in Fig. 3 ) is steeper than the corresponding curve obtained from mechanically skinned single cells by Fabiato & Fabiato (1975 b) , but it must be remembered that the sarcomere length measurements in our study were made in the relaxed muscle and internal shortening during force production would carry the muscle on to a steeper part of the ascending limb of the length-force relation. However we are inclined to regard the difference as a genuine one, which may be accounted for by the internal load provided by the connective tissue matrix of cardiac muscle, which would still be present in our multicellular preparations but would not in the single cells studied by Fabiato & Fabiato (Winegrad, 1980 The shift of the [Ca2+]-force curve to the left (Fig. 4) when the preparation is stretched over the ascending limb of the length-force relation means that the muscle has become more sensitive to Ca2+. The simplest interpretation of this finding is that the affinity of troponin for Ca2+ is increased when the muscle is stretched; however it is also possible that it is the effect of Ca2+ binding by troponin that is lengthdependent (Fuchs, 1974) . For example, a change in muscle length could alter the way in which tropomyosin transmits the effect of Ca2+ binding by troponin to the actin molecules controlled by it. This mechanism would be biochemically distinct from the first possibility considered, but there appears to be no direct way of exploring this possibility experimentally at the present time.
The shift of the [Ca2+]-force curve to the left could have an entirely different kind of explanation if crossbridges in active muscle increase the affinity of troponin for Ca2+ as rigor linkages appear to do in suspensions of myofibrils (Bremel & Weber, 1972; Fuchs, 1974) . According to this interpretation, which is favoured by Allen & Kurihara (1980 a, b, 1982 , the increase in sensitivity to Ca2+ produced by stretching the muscle is a consequence of the increase in force production over the ascending limb of the length-force relation (Fig. 3A) . Such a mechanism could also account partly for the steepness of the [Ca2+]-force relation in skinned fibres, but it would not explain the increase in the sensitivity of the contractile system to Ca2+ observed on the descending limb of length-force relation in skeletal muscle by Endo (1973) and Moisescu & Thieleczek (1979) and in cardiac muscle by Fabiato & Fabiato (1978) . It is of course possible that different mechanisms are responsible for what seems like similar length-dependence of Ca2+-sensitivity on the ascending and the descending limb of the length-force relation, but a unifying hypothesis should be sought in the first instance.
One possibility that does seem to us worthy of further consideration is that changes in the lattice spacing of the myofilaments might account for length-dependence of the sensitivity of the contractile system to calcium, for example, by increasing the probability of Ca2+-dependent crossbridge formation. Alternatively crossbridges might 'hang on' longer at narrower lattice spacings (longer lengths). In either case the average number of crossbridges at any given [Ca2+] would be greater. A mechanism of this kind predicts an increase in maximal force at longer lengths, but is not necessarily at odds with the observed force-length relation on the descending limb because in that region the change in overlap would dominate the effect at full Ca2+ activation. The lattice spacing can be reduced by adding PVP to the bathing solution, but Fabiato & Fabiato (1978) found that the Ca2+ sensitivity of their preparations was unaffected by the addition of 100 g/l of PVP. However we understand from Dr Y. E. Goldman (personal communication) that this high concentration of PVP would shrink skinned frog skeletal muscle to the point where rigor crossbridge formation would result in lattice expansion (cf. the lattice contraction normally associated with crossbridge formation). The effects of lower concentrations of PVP on Ca2+ sensitivity would therefore bear further investigation.
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